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ABSTRACT 
The growth, maintenance, and time dependence of self-
sustained cavity flow .oscillations for a single cavity 
geometry are investigated. Pressure measurements, dye 
injection- and hydrogen bubble flow visualization are the 
experimental techniques used to examine a range of flow 
conditions from uniform through time dependent • 
oscillations. Long duration pressure measurements are 
compared with flow visualization photographs and are 
analyzed for frequency spectrum content. Results show the 
existence of selectively amplified frequencies and 
harmonics. The relation of the shear layer oscillation to 
the physical structure of the flow, the various modes of 
oscillation and the mechanism which causes the oscillation 
to change are discussed. 
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INTRODUCTION 
When the velocity of fluid flowing past a cavity 
:exceeds a critical value, self-excited oscillations 
develop in the shear layer between the free stream and the 
cavity fluid. These oscillations ·can cause noise, in-
creased drag and structural vibration in many internal and 
external flows. Pipeline expansiorl j oi.nts, aircraft wheel 
wells and various openings in aircraft fuselages, ship 
hulls a·nd submarines can be modeled as cavities; conse-
·quent·ly· research Cll unstable flow past cavities can be 
lJs.ed. ·t:o ·explain t.he behavior of the fluid n.lot .. ion in these 
systems. 
The self-excited oscillations. in a cav·ity s.he.a_r :laye·r 
are characterized by a single se·lectively a~plified fre-
quency, when the fluid velocity is just above a critical 
value. The oscillation frequency is proportional to the 
free-stream velocity, so that an increase in velocity will 
have a corresponding rise in the selectively amplified 
frequency. As velocity increases and the cavity system 
moves from its laminar state, the · shear layer oscillatiort$ 
grow in amplitude and eventually become non~inear. To 
date, nonlinear behavior of cavity shear layer oscilla-
.tions has not been examined in much detail; the motivation 
,:• of the present study, therefore, is to document and ex-
plain, where poissible, the nonlinear behavior of cavi~y 
:.: . 
.. 
I 
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i! 
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,. 
shear layer oscillations as the cavity system moves 
towards a turbulent state. 
In this investigation, a splitter plate with a two 
\ 
dimensi9nal rectangular cavity in the top surface is 
placed in a water channel, well below the channel's free 
surface. At several selected velocities, the shear layer 
oscillations in the cavity are examined using pressure 
-transducers, and hydrogen bubble and dye-injection flow 
visualization. Long-time dynamic pressure measurements of 
the cavity ~hear-layer oscillations and th~ background 
·pre~sure oscillations in the system are recorded. Long 
are needed because nonlinear cavity 
oscillations of shear layer are time dependent over 
extended periods. 
In this paper, three different types of unstable 
shear layer behavior are discussed. The first is charac-
terized by s~all amplitude oscillations with a slight 
~mplitude modulation over time. The second behavior 
occurs at a higher velocity; the oscillations are charac-
terized by larger amplitudes and increased amplitude 
modulation • There appears to be a limiting oscillation 
amplitude which, if reached· during a growth stage of 
modulation, is the precursor to irregular behavior in 
\ 
subsequent oscillations; this irregular behavior disap-
pears with time, however, and more uniform oscillations 
reappear. The third behavior, which occurs at a velocity 
• 
I . 
.- ~ 
' 
higher than the second, also has periods of regular and 
irregular behavior. At ·this higher velocity, different"':. 
forms of uniform oscillation occur and the irregular 
oscillations happen more frequently and have greater 
intensity. 
.. l- -
Previous work in this area is discussed in tne 
literature review; sections describing experimental equip-
ment and procedures follow the literature review. 
Experimental results are presented in the subsequent 
section and are interpreted in the discussion. 
Conclusions and recommendations for future.studies are 
given in the final section. 
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2 • LITERATURE REVIEW 
) 
Cavity oscillations can be divided into three broad 
cl~sses depending __ , upon the wavelength of oscillation and· 
. the physical boundary conditions. The class which is of 
major concern here is fluid-dynamic oscillations, these 
are due to an inherent instability~_of the shear layer. 
When flow past a cavity exceeds arcriticcil Reynolds number 
the shear layer between the free stream and the ~avity 
begins to oscillate with one frequency of oscillation 
be~ng selectively amplified. The driving force of the 
oscillations is thought to be a feedback mechanism which· 
develops due to the motion of the shear layer near the 
reattachment point; the feedback is caused by pressure 
perturbations that propagate from.the reattachment point 
to the separation point where the perturbations disturb 
the shear layer. 
The other classes of oscillations are.called fluid-
elastic and fluid-resonant. Fluid-resonant oscillations 
are characterized by resonant wave effects, such as stand-
' ing waves or compression waves, in which the o~cillation 
wavelength is the same order of magnitude as the cavity 
·,-. . 
depth or length. Fluid resonant oscillations occur .when 
the acoustic wavelengths of the cavity1 are excited by the 
flow past the cavity. A good example of 
1 D. Rockwell and E. Naudascher, "Review - Self . 
Sustaining Oscillations of Flow Past cavities," Trans. 
ASME, J. Fluids Engineering, 100 (1~78), 155. 
4 
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resonant oscillators are organ pipes. Fluid-elastic 
' 
oscillations are driven in part by the physical motion of 
the cavity boundaries~ this occurs when the cavity struc-. 
ture is excited to vibration by the fluid motion. If the 
coupling between the fluid motion and the structure is 
strong, structural fatigue failure can result. 
Cavity geometry, particularly the cavity length-to-
depth ratio, determines the type of cavity oscillation. 
Fluid-dynamic oscillations exist in shallow cavities which 
have a length-to-depth ratio greater than one, and when 
the length to acoustic wavelength ratio is much less than 
one. cavities are classified as open if the shear layer 
reattaches at the trailing edge of the cavity, and as 
closed if the shear layer reattaches on the cavity floor 
and separates again to reattach at the trailing edge; In 
this study only fluid dynamic, shear layer oscillations in 
,. 
open cavities are addressed. 
Theoretical studies on the shear layer instability in 
cavities have been.used to predict the frequency and 
amplitude of the selectively amplif1.ed freq,Jency. The 
shear layer oscillation in a cavity flow can be divided 
into linear and nonlinear growth regions. Linear distur~ 
-- . 
b~nce growth has been characterized mathematically 
2 lb.id., p. 160. 
3
·v. ·sarohira, "Experimental Investigation of Flows 
over Shallow Cavities," AIAA Journal, 15, No. 7 (1977), 
984. 
5 
.. 
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~ 
by Michcalke~ his linear spatial growth theory claims that 
the amplitude of shear layer oscillation grows exponen-
tially with distance. Michalke uses the Rayleigh equation 
for his theory which assumes inviscid flow. Using the 
assumption of a finite thickness shear layer and hyper-
bolic tangent velocity protile, the theory is useful for 
free shear flows with small amplitude oscillations. It ,is 
not useful for cavity flows because it is an inviscid 
analysis which assumes a constant thickness shear lay·ar. 
For a cavity flow the predictions quickly devia.te from 
~easured values because the cavity shear 1ayer thickness 
grows more rapidly with distance than a free shear layer. 
I 
(see the experimental work by Sarohira5 on the growth of 
the_ shear layer thickness across a cavity length) Another 
problem in applying the theory to cavities is that soon 
after the separation edge the oscillation amplitude be-
comes large and nonlinear interactions dominate. 
4 A. Michalke, "On Spatially Growing Disturbances in 
:an Inviscid Shear Layer," J. Fluid Mechanics, 23 (1965). 
5 Sarohira, p. 987. 
r .. 
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Mathematical models that predict the selectively 
ampli~ied frequency of oscillation have been put forth by 
both Martin6 and Rockwell? Both models use an equation of 
the separation steakline that spans the cavity opening, 
the equation is then integrated over the cavity length and 
the result is used to determine cavity volume. The models 
a-ssume an app.roximately constant cavity volume, therefore 
any change irt. volume due to shear layer deflection at the 
downstream corner must l;>e compensated for by equal and 
opposite shear layer deflection at separation. Martin, 
using a finite-thi9kness thin shea.-r-layer, claims that ~n 
optimum feedback condition will occur when the fluctua-
tions of cavity volume are in phase with shear layer 
deflection near the separation edge9 The amplified fre-
quency of oscillation arises from mathematically relating 
the shear layer perturbation to the volume deflection, the 
relation is satisfied by particular frequencies of 
oscillation. The most amplified frequency is determined 
from a numerical solution of the Orr-Sommerfeld equation. 
I 
Expand~ng upon this, Rockwell's model includes a varible 
momentum thickness in the X direction. This model, 
6 w. Martin, E. Naudascher and M. Padmanabhan, "Flow 
Induced Excitation Involving Shear Layer Instability,". 
Proc. ~SCE, ~ Q.f. the Hydraulics Div., 101 HY6 (1975) 687. 
7 D. Rockwell, "Prediction of 
for Unstable Flow Past Cavities, ... 
Oscillation Frequencies 
Trans. ASME, J. Fluids 
. Eng. , ( 19 7 7 ) 2 9 6_. 
·' 
7· 
d 
l 
therefore, accounts for changes in wave number and 
amplification factors, both of which depend on shear layer 
thickness. 
These models which all assume a inviscid disturbance 
growth model cannot account for the time dependent oscil-
, 
lation of the shear l~yer at the downstream corner or for 
possible resonant effects. A viscous flow model would be 
needed to predict the velocity at which the oscillation~ 
would occur~ 
Much experimental work has been done concerning the 
existence and characteristics of the fundamental mode of 
oscillation for cavity flows. In experiments with an 
axisymmetric cavity, Sarohira9 has determined that for 
oscillation to occur there is a minimum cavity length and 
depth, and a minimum velocity for a given cavity geometry 
and boundary layer thickness. He also showed that the 
, 
frequency of oscillation increases with Reynolds numbe~. 
Exterisive measu~nt of velocities throughout 
.\ 
cavities and their shear layers has been perfcrmed by 
S h . lO k 11 d ' 1 ll Th ' t aro ira, Roe we an Knise y. eir measuremen s 
: Rockwell and Naudascher, Review, p.155. 
Sarohi~a, p. 986. 
10 b'd ll I 1 ., p. 990. 
D. Rockwell and c. Knisely, "The Organized Nature 
of Flow Impinge~ent on a Corner,'' J. Fluid Mechanics,~93 (1979) 420. 
8 
' 
A 
\ 
\.) 
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have provided streamwise and transverse velocity profiles 
for the shear layer in addition to mean values of the 
• 
fluctuating velocity near the downstream corner and in the 
cavity. The velocity fluctuations are the most severe at 
the reattachment point, a consequence of the shear layer 
deflection and vortex impingement in that area. 
Sarohira•s·measurements across the shear layer show that 
the boundary layer at the separation point is co~rted to 
a·shear layer in a distance of 10 to 15 momentum thick-
nesses downstream of separation. Ethembabaoglu12 has 
taken fluctuating pressure measurements throughout a 
shallow cavity with a turbulent boundary layer, the 
- measurements suggest a recirculating vortex in the latter 
half of the cavity. Rockwell's measurements, using a 
:,... .. 
. cavity length three and one-half times the wavelength of 
the selectively amplified frequency, show a weak recir-
culation within the cavity and spectral analysis of "this 
shows no strong frequency organization. 
For self-sustaining oscillations to begin and grow, a 
f eedbalck mechanism is. required; because the optimum 
/ 
· 
12 E. Ethembabaoglu, "On the Fluctuating Flow 
Characteristics in the Vicinity o,f Gate Slots," Div. of 
Hydraulic Eng., tJniv. of Trondheim, Norwegian. Inst. of 
Tech. (1973). p. 27 • 
. ·' ,·•'" , .... 
... 
·,· 
! . 
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(I 
·,· 
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.~ 
/ 
/ 
frequency components will not occur naturally in phase, an 
organizing force is needed so that frequencies are com-
bined constructively. Since random disturbances appear in 
the flow, a mechanism is also needed to concentrate the 
• 
oscillation energy.around a particular'frequency of dis-
turbance for the self-sustaining 
. 13 
oscillation to occur. 
. I 
Rockwell claims the feedback mechanism is due to an in-
stantaneous propagation of pressure disturbances to the 
sensitive separation point, from the downstream corner 
where vortices are severed. 
To investigate the oscillation feedback mechanism, 
Rockwell and Knisely examined the interactions of the 
·· shedding vortices with the downstream edge. Their com-
.-
parisons of a cavity flow with flow over a backwards 
facing step show that the spectral content of the cavity 
flow cannot be predicted from the spectrum of the step 
flow~ 4 and the trailing corner in the flow acts to greatly 
increase the spectral organization of the flow, decrease 
background turbulence and decrease the turbulence inten-
sity in the shear layer. Flow visualization near the 
downstream corner has exposed -unusual vortex-coraer inter-
"action due to.th~fShear layer varying in height above 
13
. E. Naudascher, "From Flow Stability to Flow-
Induced Excitation," Proc. ASCE - J. Hydraulics Division, 
93 HY4 (1967) p. 21. 
14 Rockwell, Knisely, p. 420. 
~ 
' 
·10 
\ . 
-\ 
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. 
and below the trailing edge with ·time. Rockwell has 
documented the possible fates of a vortex in the shear 
layer as it rolls up, forms a vortex and proceeds to 
interact with the downstream corner. The vortex can 
"escape", i.e. continue downstream unimpeded, the other 
extreme is to have the vortex swept downward into the 
cavity, known as "complete c.::lipping". The third option is 
"partial clipping" in which the downstream corner severs 
the vortex, part continuing downstream, part being swept 
't th ' 15 in o ... e cav.1 ty. Simultaneous visualization and pressure 
measurement at the downstream wall show that the maximum 
fluctuating pressures correlate with the most~severe 
partial clipping~6 
Observations of the spectra obtained from velocity 
-fluctuations and pressure perturbations for a cavity flow 
show harmonics and subharmonics · irL addition to the fun-
damental frequency. Knisely and Rockwell 17 have conducted 
experiments, examining the growth of subharmonics. Using a 
. 
. 
separation edge that extended over a portion of the~ 
~avity, they found that for a constant 
15
-Rockwell, Knisely, p. 421. 
16 
·c. Knisely and D. Rockwell, "Self Sustained LOw 
-Frequency Components in an Impinging Shear Layer," J. 
Fluid Mechanics, 116 (1982) 177. 
17 Ibid., p. 162. 
\.. 
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I 
velocity and an increasing gap length a fundamental fre-
quency (f) appears, then a subharmonic at 0.5f, then a 
jump to a different type of oscillation occurs. The 
.second oscillation is marked by· the fundamental and sub-
harmonics at 0.4f and 0.6f; these subharmonic amplitudes 
:a:r·e of. the same order of magnitude as the o. 5f 
0 
subharmo.nic. Knisely and Rockwell cite that s.ubha-rm:on·.i.cs 
, I 
are due to a nonlinear wave interactiJ~;lin order to 
invest:igate this hypothesis they use bispectrum and 
bic,oherence analysis ·to determine if the frequency com-
·:ponents were actua.lly subharmonics or separate modes of 
oscillation. Using bispectral analysis it was determined 
that difference combinations of the fundamental and 0.5f 
were interacting nonlinearly to reinforce fhe 0.5f 
subharmonic. In the dual mode of oscillation it was f oun:d 
that the fundamental and 0.4f component subtracted to 
create the 0.6f subharmonic. Knisely and Rockwell con-
clude that the low-frequency components amplitude-modulate 
the shear layer and are caused by the shear layer's cyclic 
int~raction with the trailing edge. Another conclusion 
which they_made was that the flow exhibits a strong hys~ 
teresis near the mode jump, in that the modes of 
oscillation are different for a specific velocity if 
·approached by increasing velocity or decrea~ing it • 
. 
Because of-this hysteresis, the flow history must be 
-~_-· .... ·. 
:·/:- ·. 
,, 
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carefully examined and recorded when studying self• 
sustaining oscillations. 
Phase disturbances play an important role in the 
feedback mechanism. The growth of self-sustaining oscil-
lations depends on reinforcement by phase coherence with 
the feedback mechanism, be it pressure perturbations or 
the recirculating vortex. Destructive reinforcement, 
which is out of phase feedback, tends to cancel organized 
oscillations. Sarohira18 examined phase shift throughout 
·an axisymmetric cavity and conclude that the pha$e 
velocity is constant along a line of constant u/U (u = 
boundary layer velocity, U = free stream velocity), this 
implies the distubance wavelength and phase speed are 
constant across the cavity. Knisely and Rockwe11 19 looked 
at phase shift across the cavity along a line of u/U=0.95, 
where phase distortion is at a minimum, and determined 
that the shift for any oscillation frequency was 21'1'n 
where n is integer constant. 
18 Sarohira, p. 988.-
19 ~isely.and Rockwell, p. 184. 
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3. MATERIALS AND EQUIPMENT 
The test section used for this experiment, il-
lustrated in figures 1 & 2, was a splitter plate with a 
five to one elliptical leading edge, the plate was 0.551 
meters (m.) long by 0.303 m. wide and 0.032 m. thick. A 
rectangular cavity, which ran the width of the flat plate, 
• 
was located 0.179 m. from the tip of the leading edge; the 
• 
cavity was 0.051 m. long by 0.014 m. deep. A tapered 
trailing edge was attached to the rear of the test section 
to avoid. wake effects. The sec.tion was supported by false 
walls that were 1.219 m. long and ,extended 0.156 m. in 
front of the leading edge. The false walls extended above 
the free surface of the channel where they were securely 
fixed in position. The upstream edges of the false walls 
.. were beveled o. 52 radians away from the test section flow 
to prevent flow separation over the test section. 
The test section has a flexible design for expansion 
• 
to multiple cavity studies in the future. The splitter 
plate section was constructed from blocks and modular 
leading and trailing edge pieces that are assembled using 
stainless-steel threaded rods. This design allows cavity 
position, geometry, the number of cavities and the overall 
length of the test section· to be varied. The entire unit 
was fabricated from clear acrylic sto~ for economy and 
~ 
for flow visualization purposes. 
-· ........ 
""'I\ 
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The water channel used for the experim~nts had a 
0.914 m. wide by 0.597 m. deep cross section, and a work-
ing test length of 4.877 meters. The bhannel had 
honeycomb flow-i;traighteners which were o·. 076 m. long, and 
• 
I 
several screens so the flow entering the working section 
was uniform. Before entering the test section the flow 
was accelerated through an ogee shaped constriction. The 
false wall and test section assembly was fixed in the 
channel with the elliptical leading edge 0.562 meters 
downstream of the constriction and centered in the span-
wise direction. 
Flow visualization was performed using dye injection 
at ~he separation edge; to avoid adding upward momentum to 
the flow the dye was gravity fed at a rate just sufficient 
' 
to take quality visualization photographs. simultaneous~ . 
recording of flow visualization and oscilloscope traces of 
pressure measurements was done with a Instar video system 
at 120 frames per second, still photographs in this report 
.. • 
are ta.ken from the video playback. Pictures in this 
document· are photographs of the Instar monitor taken with 
a Cannon Al camera and a 50 mm. macro lens using a.1/2 
second shutter s~eed with automatic f-stop setting. 
, 
Hydrogen bubble visualization was used tp_~xamine t~e 
• 
spanwise coherence of the.oscillations; a~ the lower 
velocities the oscillations were found to be approximately 
.~wo dimensional. • 
-- -~ ... 
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Background and cavity pressures were measured in this 
experiment using two PCB-Piezotronics model 103M20 dynamic 
pressure transducers with a range of 6.89 kPa and a 
resolution of 0.152 Pascals. These transducers had a six 
month factory calibration. The cavity pressure port was 
.located on the centerline of the cavity's downstream wall, 
/-Y O. 001 m.· below the top surface of the plate, where the 
shear layer reattaches in laminar flow. The pressure tap 
was 0.001 m. in diameter, the port leading from the 
'.ry, 
I ,. 
transducer to the pressure tap was 0.003 m. diameter. The 
larger port was used to prevent problems of air bubbles 
forining in the port. -The transducer block was sealed to 
the test section with silicone·vacuum grease and was fixed\ 
in position with two machine screws. The transducer t 
block, illustrated in figure 2c, was needed to route the 
tran·sducer cables downstream with out damaging the stiff 
, 
electrical cables eminating from the rear of the 
r 
transducer. The cables were secured to the test section 
assembly to prevent vibration which could cause erroneo~s 
. '4' 
data and transducer damage. No elastic connections were 
used ~n mounting the transduce~ since elastic deformation 
could cause erroneous pressure readings~ 
Each ~ransducer signal was _amplified one hundred 
times by a PCB Piezotronics model 480D06. b·attery power 
unit and·was band pass filtered by Krohn-Hite electronic 
filters, model 3750 •. The filters passed signals frbm 0.2 
I· t. 
ti 
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J 
Hertz (Hz.) to 20.0 Hz. to a twelve bit Cyborg analog to 
digital converter (A/D), model Issac 2000. The computer 
used for A/D control and for data storage and analysis was 
an IBMPC-XT; data was stored on a ten megabyte hard disk 
and was loaded on floppy disk for permanent storage. 
j 
During data collection a Tektronix 5.110. digitizing osc·il.-~ 
\ 
losco~e was used to monitor the pressure·signals.· 
Fl.ow velocities and turbulence levels were determined 
u:s.i-tig .a hot-film anemometer •probe, TSI model 1210-60W ~ 
which. had an upper frequency limit of 200 kHz. It was 
balanced using a DISA 55D01 constant temperature 
anemometer. The anemometer output voltage_was reduced by 
68.4 percent to allow computer sampling within the . 
... 
A/D voltage range. 
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4. METHODS AND PROCEDURES 
Experimental conditions were kept as constant as 
possible for consistant results, the conditions included 
O. 546 m. wate"r d·epth, water temperature of 20° c, water 
cleanliness and low air bubble content. In addition, the 
r 
test section was· examined for spanwise and streamwise 
alignment, a~d the splitter plate was leveled and then 
anchored in the channel. The pressure port was prepared 
by removing the air and dirt using a suction pump, the 
transducer and mounting block were then sealed with 
silicone vacuum grease and the final step was to secure 
the submerged transducer cables to prevent any cable 
I 
motion. Other precautions observed during the experiments 
included: (i) taking a continuo~s run of data sets to 
minimize any system changes .and (ii) taking measurements. 
during hours when the buildir1g was not in use to avoid 
effects of building vibration .~nd spurious electrical 
equipment. noise. After a velocity increase the channel 
was allowed to reach equilibriu..~ conditions, and the flow· 
velocity was adjusted only upward to prevent hysteresis in 
the oscillation modes. 
Preparation for ·data sa1npling consis"ted of estab-
lishing c;:lear storage space, for _data on the computer's 
hard·disk,.electronic initialization.and testing of tha 7 1 
A/D and establishing a communi~ations buffer in the com-
'\ 
puter's RAM memory for data transfer. Data files were 
18 
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automa~ically named and file data, such as sampl·ing rate, 
number of points, amplifier gain, A/D gain, channel speed, 
and date sampled, were stored. The sampled data was 
checked for clipping in the data acqu1stion program and an 
attempt ·was made to utilize at least twenty percent (819 
points) of the A/D's range. 
Electrical connections for data sampling were care-
fully arranged to reduce noise and to insure valid data. 
Connections were made with shielded cables that were 
tested for continuity and short circuits. The pressure 
:~_i-gnals were amplified a11d electronically filtered from ... 
0.2 Hz. to 20.0 Hz. The transducer had a nominal. DC 
output of three volts which was removed by high pass 
filtering with the limit of 0.2 Hz. being determined by 
J the low limi.t of the filter, .the low pas·s limit was chosen 
to reject 30 hz. and 60 hz. electrical noise. The fun-
damental cavity ocillation was in the 3 Hz. to 4 Hz. 
range, therefore the low pass cutoff was considered 
appropriate. To prevent aliasing effects data was sampled 
at a 60 Hz. sampling rate, giving a Nyq,iist folding fre-
quency of 30 Hz. which is well above the filter cutoff ,.. 
frequency of 20 Hz. The pressure signal was observed for 
clipping and anomalies on a oscilloscope. 
Data was analyzed using a fast Fourier transform 
(FFT) to convert time series data into the frfl:!,_quency 
· domaln. The Nyquist . sampling criteria mus,t be observed to 
19 
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prevent errors in the sampling. This criteria requires 
that the sampling rate must be at least twice the highest 
frequency component to be ~ampled, therefore if the 
highest frequency present in the flow is 20 Hz. the sample 
rate must be at least 40 Hz. The frequency resolution 
(Fres) obtained is calculated by dividing the the length 
of the time series into one: 
Fres = (1.0)/((sample rate (s))x(number pts.)) 
The frequency range is defined from the minimum frequency 
.. ( Fmin) : 
Fmin = (1.0)/f(sample rate (s))x(numbe:r :p-ts .• ).) 
t.o the maximum frequency (Fmax): 
Fmax = (0.5)/(sample rate (s)). 
The output of the FFT reveals the frequency content of the 
time series data, the bandwidth of the disturbance and 
energy concentration about particular frequenc.~ies, if any. 
Frequency spectrums are presented in the form of intensity 
versus frequency, in this discussion intensity and , · 
amplitude are interchangable. 
Careful preparation was required for anemometry data 
collection to insure good results. Since impurity free 
water is essential, preparation for the anemometry experi-
ments included cleaning of the test channel and refilling 
j 
it with filtered water •. After refilling the channel the 
water had to be degas~ed, i.e. brought up to operating 
temperature by adding pump work and allowing a s 1ettling 
20 
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period for gas bubbles to come out of solution •. The hot 
film probe was positioned manually using a support bracket 
and the probe position was obtained using a ruler. A slow 
cut in procedure was used to turn on the hot-film probe 
which was prepared by putting it in the anemometer bridge 
circuit and then balancing the bridge. Raising the bridge 
resistance five percent overheated the probe, readying it 
for meas.urements. Difficulties due to channel temperature 
.increase were minimized.by warming the water with pump 
work to an equilibrium temperature. The anemometer unit 
was allowed to reach equilbrium by operating for several 
hours before measurements were taken. 
The velocity information presented in this report 
-comes from anemometry data which was sampled and evaluated 
for mean and root mec1n square values. The anemometer was 
calabrated by sampling the vortex shedding frequency 
behind a rod of known diameter. The data curve for 
Strauhal number (nondimensional frequency) versus Reynolds 
" 
number is well documented and determining the particular 
velocity for a given shedding frequency is stra1ght 
~ 
,)<.;! forward. The proper diameter rod must be used for 
calibration to obtain a Reynolds number based on diameter 
between 50 and 150. This ensures the corresponding 
. ' t ... Strauhal number falls on the Strouhal chart in a portion 
of the curve where Strauhal number versus Reynolds number 
. .,... .,,..--·r .;·,.-:--·''·' 
.. I : 
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is increasing. Velocity is then determined by the Morrow-
Kline relation20 
U = fd2 +- ( 4 .15) X ( J ) 
(0.187) X d 
where f=frequency, d=diameter and ...) =dynamic viscosity. 
This velocity data w~s then correlated to the ravolutions 
per second (RPS) of the test channel P.Ump, the rev·olutions 
could be measured from zero to 16.67 RPS ± 0.0167 RPS , 
error. This experiment used veracity past the test sec-
tion from 0.179 meters per second (m/s) to 0.189 m/s with 
corresponding Reynolds numbers of 31300 to 33600. The 
Reynolds numbers were based on distance from the tip of 
the leading edfe t,o the cavity, which/was 0.179 meters, 
I 
and viscosity of water at 20°c which is 1.006 x 10-6 
meters2 per second. The root mean square (RMS) value of 
the fluctuating velocity component was calculated by 
subtracting the mean velocity component, squaring and 
summing the fluctuating values, calculating the mean and 
taking the square root. Dividing RMS fluctation by the 
mean velocity yielded the percent levels of free stream 
turbulence. 
20 T.B. Morrow and S.J. Kline, "The Evaluation and 
Use of Hot Wire and Hot Film Anemometers in Liquids." 
Report MD-5 Thermosciences Div., Dept. of ~ech. Eng·jJ, 
Stanford Univ., (1971). 
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5. RESULTS 
The three types of shear layer oscillations inves-
tigated, which occur at successively higher velocities, 
will be referred to as follows: 
Type I: small oscillations with slight modulation 
of oscillation amplitude. 
Large oscillations with large amplitude 
mo.dulatj.on and internti ttant disruptions . 
. 
·type III: Large oscillations with large amplitude 
modulation and frequent disrupt.tons. 
Ti~~ records of dynamic pressure, which is propor-
tional to the square of the velocity, are presented for 
the three cases. The oscillating pressures are ar-
bitrarily centered about zero in the plots since there is 
no information on a mean velocity. Figure 3 shows the 
time traces for the cavity and background pressure signals 
for Type I behavior. The frequency spectra that cor-
respond to the time traces are shown in figure 4. 
Comparison of the cavity ~nd background frequency spectra 
show strong correlation below 0.75 Hertz (Hz.), while the 
frequencies of interest for the cavity are well above 2 
Hz. In order to ease interpretation of the time traces of 
th~ cavity pressure signals, the background signals 
. removed are removed in the following manner. Since the 
two ~ignals are not in phase because the background pres-
sure port is slightly upstream of the cavity port, the 
23 
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background is removed by calculating a fast Fourier trans-
!'! (,,-~ 
form (FFT) for each signal, storing the cavity phase 
information and subtracting the magnitude of the back-
ground from the cavity. To reconstruct the time data the 
difference magnitude is re-phased with the cavity phase 
data and a reverse FFT is performed. The resulting time 
t.rac,e and frequency spectra for Type I are presented in 
f·igure 5. This process is used for all three flow 
donditions; the dynamic pressure time traces and cor~ 
responding frequency spectra for Types II and III are 
shown in figures 6 ~ 9~ 
5.1 Type I Behavior 
The long-time pressure traces and corresponding 
frequency spectrum in figure 5 show very uniform oscilla-
tion in both amplitude and frequency. Type I behavior was 
observed at a Reynolds number of 31300 (based on distance 
from the tip of the leading edge), the free stream tur-
bulence level measured at 0.013 m. above the pressure port 
was 0.18 pe.rcent. The Type I frequency of oscillation was 
3.03 Hz. The oscillation amplitude modulates slightly 
with time due to existence of a frequency component which 
is smaller in magnitude and a lower frequency, 2. 92 H"z., 
than the selectivly amplified frequency. 
The uniform oscillations which are characteristic of 
Type I behavior are due to regular shear layer ~oll up and 
-~· 24 
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subsequent vortex shedding in the flow. A typical shear 
layer oscillation is shown in flow visualization 
photograph~ in figure 10. The oscilloscope insert in the 
photographs displays two pressure traces, the cavity 
oscillation trace is on top and the background level is 
below. The traces propagate from right to left and the 
instantaneous pressure is on the extreme right. 
Photograph 1 (pl) of figure 10 shows mini.mwn :pressure 
-as the shear layer begins to roll up near X ~ :7/8L; pres-
sure increases in (p2) as the shear layer is partially 
severed into the cavity. Maximum pressure is reached as 
the vortex stretches downstream above the trailing edge 
f (p3). The pressure decreases (p4) as the vortex separates 
from the shear layer; the pressure returns to a minimum 
(p5) as the cycle begins again. A local pressure trace 
that includes the specific oscillation in the photograph 
sequence .(denoted by the arrow), and a fast Fourier trans-
form of the local time trace are given in figure 16. The 
frequency spectrum shows only a peak at the selectivly 
amplified frequency with little noise and no evidence of 
harmonics. 
The dye :·in the recirculating vortex in the downstream 
half of the cavity shows the vortex has a period of rota-
tion that is approximately eight times the period of the 
shear layer osc·illation. The frequency associated with 
the vortex rotation is in the range of 0.34 Hz. 
.. 
~. 
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5:~ 2 Type II Behavior 
The long-time pressure trace in figure 6 and the 
corresponding frequency spectrum in figure 8 shows mostly 
uniform oscillation at 3.07 Hz. Type II behavior was 
observed at a Reynolds number of 31900 and the free stream 
turbulence level wa$: O .18 percent, measured at o. 013 m. 
above the cavity pbrt~ This type oscillation exhibits 
greater a;mplitudes and more amplitude. variation than the 
. 
i 
' 
·,Typ·e I oscillation, as well as the appeara-nce of oscilla-
tion disruptions. The disruptions occur infrequently and 
are marked by large, irregular amplitudes of oscillation 
or by oscillation cancellation with the amplitude of 
oscillation dropping to zero. · Spectral analysis in figure 
8 shows in addition to the fundamental the existence of a 
second smaller-magnitude frequency, at 2.78 Hz., which is 
approximately 90 percent of the frequency of the 
., 
fundamentaJ.; both frequencies have first harnlonics which '°~' 
are visible in the spectrum. 
. Examples of uniform large-amplitude oscillations are 
shown in two flow visualization sequences presented in 
figures 11 and 12, both exhibit regular roll up and vortex 
shedding. Photograph 1 (pl) of figure 11 is at the mini-
mum pressure point. As the shear layer moves over the 
downstream edge, the pressure increases (p2) and· reaches a 
maximum (p3) as the vortex is shed downstream. A small 
•.. amount of vortex ~lipping takes place as the vortex moves 
,...,,) ,,. . . 
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past the downstream edge. The pressure declines (p4) as' 
the shear layer reattaches and the cycle begins again (p5) 
as the shear layer rolls up near X = l/2L. · 
A similar sequence is presented in figure 12. In 
this case, the shear layer is much more distorted and 
stretched as the vortex is shed. Figure 12, photog·raph 2 
shows the shear layer completely rolled up near X = 1/3L, 
much earlier than in the previous case. The pressure 
reaches a maximum (p3) and starts to decrease as the 
vortex moves past the trailing edge a~d the next vortex 
approaches. Local pressure traces and frequency spectra 
are presented for these cases in figures 17 and 18. They 
are almost identical with a do~inant fundamental, small 
first harmonic and a slight second harmonic. 
The cancellation of-oscillation happens occasionally_ 
in Type II oscillations. Figure 22, photographs 1 - 10 
present the sequence of shear layer oscillations that 
leads to the cancellation event. Severe vortex clipping 
is shown in photographs 1 and 2, and as shown in 
photographs 3 - 6 the shear>layer is affected by the 
vortex clipping. Photograph 7 shows that the pressure 
oscillation have reduced amplitudes and finally the oscil-
lations are cancelled completely ·.-(pS - plO) • A local time 
trace and frequency spectrum in fi.gure 23 shows two peaks 
near the fundamental frequency at 2.94 Hz. and 2.58 Hz., 
··and a small first· harmon.ic for each peak at 6. 00 Hz. and 
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5.43 Hz. The magnitude of the lower frequency component 
is the same order of magnitude as the fundament~l peak. 
:5. 3 Type III Behavior 
A long-time pressure trace and corresponding fre-
9Uency spectrum are shown for the Type III behavior in 
figures 7 and 9 respectively, this was observed at a 
Reynolds number of 33500. The free stream turbulence 
measured 0.013 m. above the pressure port was 0.22 
percent. This behavior is typified by large amplitudes 
and large modulations of the time traces and by frequent 
irregular oscillations.· Spectral analysis shows a first 
harmonic, a small amplitude second harmonic and a broaden-
ing of the frequencies near the fundamental and first 
harmonic. 
·Three examples of shear layer oscillation are 
presented in flow ".risualization photographs, figures 13 -
15. Similarity to Type II oscillation is seen in figure 
13. Minimum pressure occurs as the vortex passes the 
downstream edge without severing (pl) and then~the pres-
sure ~ncreakes as the shea!' layer rolls up near X·= l/2L 
(p2). In this seguence the Maximum pressure point occurs 
when the shear layer sweeps downward past the corner (p3), 
the pressure slowly decreases until the vortex is at the 
corner (p4) and sharply declines as the vortex passes the 
........... ····1.. •• 
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corner (p~). The second example of shear layer oscilla-
tion is in figure 14. In this case more vortex clipping 
is seen. The minimum pressure occurs as the vortex nears 
the corner (pl). Pressure sharply increases as the vortex 
is severed (p2) and the maximum pressure occurs as the 
vortex stretches downstream and out of the photograph 
(p3). The pressure stays high as the next vortex ap-
proaches (p4) , and then the pressure sharpl}' drops as the 
.vortex contacts the corner (p5). 
The final example of Type III oscil.lation is in 
figure 15, tl1.is is similar to the breakdown sequence shown 
in figure 22. Photograph 1 of figure 15 shows the vortex 
colliding with the corner at minimum pressure; the vortex 
is severed and deforms as the pressure trace maximizes (p2 
- p3). The shear layer rolls up near X = l/3L (p4), as 
the pressure declines to a minimum (p5) and the next 
vortex is at the corner. Local pressure traces and fre-
quency spectra are given in figures 19 - 21, showing a f,Y 
~ 
I, 
well defined fundamental and first harmonic for all cases, 
~~ and the existence-of a slight second harmonic. 
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6:. DISCUSSION 
-6 .1 Type 1 Behavior. I /-'\ 
The pressure time trace and the correspdnding fre-
quency spectrum show that1,Type I behavior is characterized 
• 
by a dominant frequency of oscillation which is modulated 
by a second, less intense, lower frequency of oscillation. 
The presence of the lower frequency compo~ent cannot 
presently be explained but the presence of the fundamental 
c_an be explained •. The dominant frequency 1is the selec-
tively amplified frequency observed in papers by Sarohira-, 
... _ Rockwell, Knisely and others. The details of the feedback 
mechanism are explained in the literature review and in 
papers by Rockwell and Knisely. 
The time-dependent fluid motion, due to the selec-
/ 
tively amplified frequency in the vicinity ·of the 
reattachment point, can be explained from the photographs 
in Figure 10 and the instantaneous pressure signal shown 
on the oscilloscope. Through close examination of the 
visualization photographs the fluid velocity over the 
pressure port area is always seen to be downward in direc-
tion, and therefore into the cavity. An exchange of fluid 
between the cavity and the free stream can be explained 
using the flow visualization photographs in figure 10. 
The fluid at the reattachment point is seen to move into 
the cavity and fluid exits the cavity as the shear layer 
expands and a vortex forms (p4 - p5). Assuming a closed , 
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volume, defined by th.~ shear layer streakline and the 
cavity surfaces, and an incompressible fluid, any increase 
i:p the volume of fl.uid must be a.ccompanied by ·an influx of 
fluid into the cavity. Since the cavity shear layer has -a 
low frequency of oscillation it is assumed that the ·in- . 
stantaneous streamline that separates at the upstream edge 
of the cavity coincides with the streakline that separat~s 
at the upstream edge of the cavity and reattach~s at the 
downstream edge. The fluid transfer cycle begins with 
minimum pressure and therefore minimum velocity as the 
shear layer begins to roll up and expands above the 
cavity. The volume of fluid in the cavity grows as fluid 
outside the cavity enters the cavity along the downstream 
edge. The shear layer which is now displaced towards the 
free stream gains momentum atid is strained downstream 
taking ~ith it a large amount of fluid. Fluid is leaving 
the cavity as the streakline expands, consequently fluid 
must enter the cavity; it enters the cavity just ab9ve the 
downstream corner. The inflow and outflow sets up two-
directional fluid motion near the edge. As the shear 
layer vortex moves downstream and the shear layer moves 
towards reattachment with the edge, the· gap between the 
edge and the shear layer narrows. The two-directional 
fluid motion is squeezed and a maximum ve,locity and cor-
responding to a maximum pressure occurs. The shear layer 
reattaches and moves downward along the wall, mass flow, 
,.. 
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fluid velocity and pressure decrease to a minimum, and 
then the process begins again with another shear layer 
expansion. 
' 
• 
6.2 Type II Behavior 
The fluid motion in the Type II regime is more dif-
ficult to interpret than that in the Type I regime. As 
seen in the ·pressure trace and the frequency spectrum, the 
selectively amplified frequency has a much larger 
amplitude than it did in the Type I regime. Because the 
oscillations are larger, the first harmonic has a greater 
value in the spectrum. As in the Type I case, a lower 
amplitude and lower frequency peak is visible in the 
frequency spectrum. The difference between frequencies of ,, 
the pea:k;s has increased and the first harmonic of the 
lower peak is visible. 
Selected se~ences in the Type II regime can be 
interpreted in the following manner. A steady state 
of shear layer vortex shedding exists in the uniform 
portions of Type II oscillation and Type I cases, equi-
librium occurs between the cyclical inflow and outflow of 
fluid and the accompanying shear layer movement. When the ~~. 
< 
shear layer vortices pass the downstream edge a portion of 
their structures are clipped and .add energy" t.o the recir-
culating cavity vortex, the steady state remains as long 
as the proper amount of fluid enters the cavity. This 
feedback system appears to sustain the Type I oscillation 
32 
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for indefinite.periods providing that severing of only the 
trailing portion of th~ vortex occurs. 
As oscillation amplitudes increase the pressure 
·traces take on sharp peaked minimums ; in Figure 11 
photograph 1, the minimum occurs as the vortex is even 
with the downstream edge, the vortex quickly rolls over 
and and expands removing a large quantity of fluid from 
the cavity. To compensate for this loss of mass, fluid 
rapidly enters the cavity just above the reattachment 
point, as the shear layer moves towards reattachment, thi$. 
corresponds with maximum pressure. Immediately after 
reattachment fluid ceases to enter the cavity, therefore 
the mass inflow decreases, pressure drops and the cycle 
I 
starts again. The magnitude of the pressure oscillations 
in Type II regime are much greater than Type I case be-
cause a greater volume of fluid is moved the same distance 
in approximately the same time period, this necessitates 
higher velocities along the downstream· wall of the cavity. 
The flow visualization sequence in figure 12 is 
·similar to that in figure 11, except that the shear layer 
I 
~ roll up occurs a at point earlier upstream and the 
amplitude of the shear layer deflection abovie the cavity 
fs slightly greater. Comparison of figures 17 and 18 
shows that the amplitude of the pressure oscillations is 
slightly greater for sequence of figure 12. 
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The sequence of photographs in figure 2~, show cancel~ 
lation of the shear layer oscillatioqs and the local 
frequency spectrum in figure 23. shows two selectivly-
amplified frequencies, one of which is lower in fre'1Uency 
than the fundamental, at 2.94 Hz. and 2.58 Hz. The 
"' 
cancellation of the oscillations in the time .trace shows 
that the frequencies are.approximately 180 degrees out of 
phase with each other. Presently, the presence of the 
lower component cannot be explained. 
6.3 Type III Behavior 
. Type III shear layer behavior is characterized by 
large pressure oscillations and frequent irregular events . 
Spectra for both the entire time record and the localized 
oscillation sequences are more noisy than the previous, 
types and exhibit a large fundamental frequency, first 
harmonic and the presence of a small amplitude second 
harmonic. The existence of the two harmonics illustrates 
the increasing.nonlinearity of the frequency interactions 
present in the cavity shear layer. 
• The pressure traces for the snear layer oscillations 
in figure 13 and 14 show a very large and rapid fluctua-
tion of pressure, and a flattening of the maximum pressure 
peaks. The growth of the oscillations shows. that a 
positive feedback is present. The ·Shear layer roll up anu 
vortex.formation occurs earlier over the cavity as the 
oscillations grow. In the Type. III oscillations, shown in·· .....___/-
~ . 
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figures 13 and 14, th·e shear layer travels far above .the 
cavity towards the free stream and then returns downward 
to reattach to the downstream edge of the cavity; conse-
quently it. acquires substantially more downward momentum 
than in the Type II case. Larger mass flow and velocities 
are associated with the larger amplitude shear layer 
·mov.ement. If the severing of the vortex at the edge 
causes excessive fluid to enter the cavity, the feedback 
mechanism which drives the oscillations is adversely 
affected. When the critical amplitude of oscillation i·s 
reached the feedback mechanism is disrupted, lead:ing to 
one of two possibilities. First, the pressure oscilla-
tions could be completely cancelled, or second, the motion 
of the fluid in and out of the cavity destroys the or-
ganization of the shear layer osci·llations which causes 
the shear layer to oscillate with no repeatable pattern. 
In the second case, the large rate of fluid transfer in 
and out of the cavity coupled with greater instability of 
the shear layer at the higher Reynolds number can delay 
the start of more regular shear layer roll up and vortex 
shedding. The system returns to a state of more organizsd 
oscillations when the random fluid motion within the 
cavity happens to move in phase with the shear layer. 
When this occurs, organized shear layer oscillations will 
appear and grow in amplitude due to the posit~ve feedback 
mechanism. 
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7. CONCLUSIONS AND RECOMMENDATIONS 
The examination of three types of shear layer oscil-
lations using dynamic pressure measurments and flow 
visualization has led to several conclusions. The first 
is that the amplitude modulation of self-sustained oscil-
lations is caused by the existance of a small-magnitude 
.f·requency component which is slightly lower in frequency 
than the fundamental frequency of oscillatior1. 
Combination of the fundamental frequency of oscillation 
and the lesser component leads to either constructive 
addition of frequencies which is marked by oscill.ation 
growth, or destructive addition which/~~~lts in cancella-
tion of os.cillations. The source of this frequency 
component is not yet known. 
The second conclusion is that d~ring the growth stage 
of the pressure oscillations there is a critical 
amplitude, which when reached is the precursor of a change 
in structure of:- the s·hear l_ayer oscillations. This in-
crease in pressure amplitudes corresponds with a increase 
in the amount of fluid moving in and out of the cavity, 
the large mass flow causes the shear layer to move farther 
·above and below the cavity line, resulting in greater 
vortex clipping. The clipping supplies the recirculating 
" 
cavity vortex with a-dditional mome11tum, .9ausi11g a positive 
feedback that reinforces the amplitude growth up to the 
critical value. Once the critical value is reached the I 
~" 
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,::avity r1~luid motion is so great that it destroys the shear 
' 
layer oscillation and thus destroys the positive feedback 
t 
system, which if left unchecked would cause infinite 
amplitude growth. 
Future research in this area should include flow 
visualization of the cavity fluid motion and placement of 
additional pressure taps at the separation edge and in the. 
cavity. These steps will allow better understanding of 
the feedback mechanism whic1:1 drives the shear layer 
oscillations • 
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